Thermal analysis of a lipid-like bilayer of [(CH 2 ) 9 (NH 3 ) 2 ]CuCl 4 indicates one minor transition at 303 K and the following five major ones (with entropies in J/K-mole):
Introducion
The structures, phase transitions and magnetic properties of perovskite-type layer materials have intensively been investigated during the past years [1 -10] . Many studies on the "monoammonium series" [(C n H n+1 NH 3 )] 2 MX 4 , n = 1, 2, 3,..., M = Mn, Fe, Cu, . . . , X = Cl, have been carried out [1 -3, 6, 8] . The structural changes of these materials result from the reorientation of the alkylammonium chains coupled with tilt of the MX 6 -octaheda occurring in the perovskite layers. Such studies have also been made on the "diammonium series" [(CH 2 ) n (NH 3 ) 2 ]MX 4 ; n = 2, 3,..., M = Mn, Fe, Cu, . . . , X = Cl, Br [4, 5, 9 -11] . Recently we have focussed our studies on the electric behavior of the diammonium-series because of its relative stability and the H-bonds in it [11 -15] . They are interesting in electrochemical devices such as batteries, fuel cells, chemical sensors, electrochromic devices and supercapacitors.
These materials crystallize in a two-dimensional perovskite-like structure, in which the link between adjacent MX 6 octahedral planes is performed by the alkylene chains bearing (NH 3 ) groups of both ends 0932-0784 / 04 / 0100-0035 $ 06.00 c 2004 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com [1 -3, 16] . X-ray investigations have shown that materials with an even number of carbon atoms are monoclinic with two formula units per unit cell, whereas an odd number of carbon atoms leads to an orthorhombic room temperature structure with four formula units per unit cell [1, 2] . Table 1 lists the lattice spacings and transition temperatures of some of these materials with different transition metals and different numbers of carbon atoms.
In our previous studies some members of the diammonium family, where M was Fe, Mn, Cd, and Cu, showed interesting permittivity and conductivity results [11 -15] . In those studies we used diammmonium ions with even numbers of C atoms (C = 6, 10 and 12). The aim of the present work is to characterize the structural phase transitions and to investigate the electric and magnetic properties of a long chain diammonium compound having an odd number of carbon atoms (C = 9). Comparison of the results with the previously studied materials having even numbers of carbon atoms will be carried out. Thus we have prepared the new material [(CH 2 ) 9 (NH 3 ) 2 -CuCl 4 ], which is named CuC9, and have studied its properties.
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Sample Preparation
CuC9 was prepared as described in [6, 9] . The yellow sample was recrystallized from a mixture of alcohol and ether, and dried under vacuum. The chemical analysis was carried out at the microanalysis unit at the University of Cairo. The material showed the correct chemical formula. The results of the analysis are listed in Table 2 .
Infrared Spectroscopy
The IR spectra between 4000 cm −1 and 200 cm −1 were obtained on an FTIR 5000 spectrometer.
Thermal Analysis
Differential scanning calorimetry (DSC) measurements were performed on a Shimadzu (50) differential scanning analyzer with a scanning speed of 5 • C/min. The data were calibrated with the melting transition of Indium at 157 • C.
Susceptibility Measurements
The differential magnetic susceptibility was measures in the temperature range 78 K -300 K, at 320 Hz and in a magnetic field of 160 A/m, using a Lakeshore 7000-series AC Susceptometer/Magnetometer.
Dielectric Measurements
The complex dielectric permittivity ε * in the frequency range 600 Hz -100 kHz was measured using a computer controlled lock-In amplifier, Stanford research type SR830. The samples were in the form of pellets, 1 mm thick and 8 mm in diameter. The faces were coated with silver paste to ensure good electrical contact. Different samples were used with the same results. Measurements were carried out while heating and cooling. Table 3 lists the most characteristic absorption peaks and their assignment. These are bands associated with the CH 2 rocking motions, which are usually strong, and the much weaker CH 2 wagging, which is not always observable. The bands at 765 cm −1 and 730 cm −1 are assigned to the CH 2 rocking fundamental mode δ r (CH 2 ) [17] . The CH 2 wagging modes are found at 1150 -1400 cm −1 for the crystalline nparaffins. These modes are mixed with the (NH 3 ) + modes. The coupling with (NH 3 ) + may be the reason for the strong enhancement of the intensity of the CH 2 wagging modes compared to the corresponding ones in the case of n-alkanes. For CuC9, δ r (CH 2 ) is found at 727 cm −1 , and wagging coupled with (NH 3 ) + is found at 1484 cm −1 . This band could also have contributions from δ (CH 2 ) deformation. The band at 1496 cm −1 probably belongs to the (NH 3 ) symmetric deformation mode. The strong band at 1580 cm −1 is assigned to δ as (NH 3 ). The bands at 394 cm −1 and 359 cm −1 are attributed to the C-N torsional mode, while the strong bands at 278 cm −1 and 249 cm −1 confirm the formation of the layered structure. Upon comparing the ir of this material with the corresponding one containing 12 carbon atoms, one sees that the Cu-Cl and C-N torsional bands are shifted to lower frequency with increase of the number of carbon atoms. The other vibrational or rotational modes are essentially the same, considering the accuracy of the spectrometer. The ir results and the results of the chemical analysis confirm the formation of the desired material.
Results and Discussion
Infrared
Differential Scanning Calorimetry
A DSC thermograph for a powdered CuC9 sample obtained during heating is shown in Figure 1 . The endothermic peak at 425 K is associated with blackening of the material, indicative of its dissociation. Table 4 lists the transition temperatures, the enthalpies ∆H and the corresponding entropies ∆S. Transition temperatures are found at T 1 = (383 ± 2) K, T 2 = (346 ± 4) K, and T 3 = (288 ± 2) K, followed by a minor peak with onset temperature at ∼ 303 K. Major transitions preceded or followed by minor ones have been observed in phospholipids and are attributed to "chain melting" [18] . At the chain melting rapid diffusion of one or more gauche bonds up and down the hydrocarbon chain takes place, where the chain increases in length [4, 5] . Kind et al. [4] reported two phase transition of [(CH 2 ) 10 (NH 3 ) 2 ]CdCl 4 , a minor one at 308 K preceding the major transition at 312 K, with a total enthalpy of 8.9 cal/mole. They associated the minor transition with dynamic two fold rotational disorder of the chain, and the major transition was attributed to the "melting" of the chain. DSC and X-ray investigation of some long chain "monoammonium" series have also indicated the first order nature of these transition [19] . The temperature and order of the transition depends on the length of the organic chain and not on the metal ion. The nature of the second transition depends on whether it occurs at a higher or lower temperature than the chain melting transition, but in either case corresponds to the onset of a two-fold disorder of the chain orientation. X-ray investigations by Kind et al. [4] have indicated that the chain undergoes rapid motion, and the interlayer spacing increases as a result of this transition. The rapid motion at the minor transition is due to flipping of the chain between two equivalent positions. Thus, for the presently studied CuC9 material one can attribute the major transition at 288 K and the minor transition at 303 K to the chain melting and the flipping of the chain between equivalent positions. The large entropy found for the T 1 -transition indicates an order-disorder transition. At T 2 a λ -like peak, having a low temperature tail, suggests a first order transition. At T < 273 K, transition peaks at T 4 = (228 ± 2) K and T 5 = (188± 3) K were observed. The transitions T 4 and T 5 have a λ -like shape of large enthalpies, which may indicate first order crystalline phase changes. Such low temperature crystalline transitions have been reported for materials of the "monoammonium series" [20] and "diammonium series". These transitions are ascribed to changes in the crystal symmetry related to the freezing C-N oscillation [2, 16, 21] . Figure 2 .a shows the corrected molar magnetic susceptibility (χ M ) and its reciprocal (1/χ M ) in an ac field Figure 2 .b shows χ M T as function of temperature. In the temperature regime, 228 -188 K, phase (V), the Curie-Weiss law is followed with an effective magnetic moment of 1.91 BM, which is typical for Cu 2+ in a distorted octahedral arrangement. A jump in the χ M T values is quite clearly seen at the designated transition temperatures. Increase in χ M T with decreasing temperature, reflecting positive deviation from Curie-type behavior, is noted for the phases VI, T < 188 K, and IV 288 > T > 228 K, suggesting a ferromagnetic interaction of these phases at low temperatures. It is clear that the obtained susceptibility supports the structural phase transitions obtained from the DSC results. It also indicates the possibility of shortrange order interaction for phase VI. Magnetic susceptibility measurements at low temperatures as function of frequency and magnetic field are underway.
Magnetic Susceptibility Results
Dielectric Results
Permittivity
The temperature dependence of the real part ε of the complex dielectric permittivity at selected frequencies, in the temperature range 280 -400 K, is shown in Figure 3 .a. The data are obtained while heating up the sample. A close look at the data around 288 K shows a sudden drop in permittivity followed by a frequency and temperature independent permittivity as seen by the insert (Figure 3.b) . A drop in permittivity on heating through the transition temperature has been connected with the cooperative melting of the CH 2 group [2, 14] . At 320 K a large dispersion starts to take place, reaching a plateau at ∼ 346 K. This behavior is typical for a rotational type transition, where rotational motion of the alkylene chains results in a large dipole moment fluctuation [6, 14, 15] . Another anomalous change, noted at 383 K, as depicted by an arrow, agrees also with the observed anomalies in the DSC results. This is most likely associated with rearrangement of dipole moments resulting from the order disorder transition. Figure 3 .c shows the imaginary part of permittivity (ε ) for the same sample. The graph shows the same general features as that of Fig. 3. a, yet the changes are more prominent. The inserts (3d and 3e) show the changes in the permittivity around 346 K and 288 K, respectively.
Dielectric Modulus
The observed frequency dispersion of the permittivity arises from the electrode polarization, which is determined by technical factors, e.g. sample dimension and/or nature of the electrode surface. Macedo et al. [22] have introduced the electrical modulus M * = 1/ε * to overcome the effect of electrode polarization, M * = M + iM = {1/(ε (1 + tan δ 2 )} + {i tan d/ε (1 + tanδ 2 )}. The imaginary part M of the complex electric modulus does not include the contribution from the electrode effect. It is to be noted that both M * (ν) and σ * (ν) are derived from the same experimental data (i.e., real and imaginary components of the sample impedance). However, the shape of the modulus is sensitive to ε (∝), the high frequency limiting permittivity that results from near instantaneous electronic and atomic polarization, which is not directly related to hopping of the mobile ions. The frequency dependence, at different temperatures, of the real M and imaginary M parts of the complex dielectric modulus as function of frequency (ln ω) are shown in Figs. 4a and 4b . The plots show features of ionic conductors, namely an S shaped dispersion in M and a peak in M . Relaxation peaks were found for the phases I, 380 K < T < 400 K, and II, 346 K < T < 380 K. The relaxation peak moves through the temperature "window" or frequency "window" as the temperature and/or frequency changes. The relaxation behavior of phase II can be analyzed assuming a simple exponential activation law:
which yields E a = 0.86 eV and τ 0 = 3.45 · 10 −16 sec, as shown in Figure 4 .c. No analysis was carried out for phase I because of the limited number of data points.
Conductivity Results
T e m p e r a t u r e D e p e n d e n c e Figure 5 .a shows the Arrhenius plot of the conductivity as a function of temperature at selected frequencies. A frequency dependent, temperature independent behavior prevails for T < 320 K, with very small activation energies of 0.008 eV, indicating extrinsic type conduction. Chain melting transition is reflected by scattered data at 3.57 K −1 < 1000/T < 3.35 K −1 . At higher temperatures, a thermally activated behavior with activation energies dependent on frequency is found. Calculations of the activation energies (∆E) according to the Arrhenius relation were carried out. The values of ∆E for the different phases are listed in Table 5 . The values for the phases I and II lie in the range of ionic conduction. For phase II the low activation energy is in the range usually found for protonic conduction. The dependence of the activation energy in the different regions was fitted to the equations listed in Table 5 , and the results of the fit are shown in Figure 6 . The results of the fits indicate a first order exponential decay of the activation energies with frequency for phase I and a second order exponential decay for phases II and III as seen in Table 5 .
F r e q u e n c y D e p e n d e n c e
The dispersive behavior of the conductivity is generally expressed as [23] 
where σ dc and σ ac are the dc and ac conductivity, respectively, the pre-exponential factor A is a temperature dependent constant and the exponent s has usually values between 0 and 1 [23] . Plots of ln σ ac vs. lnω are characterized by three regions, i) an almost temperature independent plateau region at the lowest frequency f in which σ = c f 0 , ii) the Jonscher regime, where σ = c f s1 , (0 < s1 < 1), iii) a region of high frequency dispersion, where σ = c f s2 , (1 < s2 < 2). c, c and c are constants, and f is the frequency. Figure 7 .a shows the frequency dependence of the conductivity Fig. 6 . Variation of the activation energy ∆E (eV) with frequency. Dots are the data points; lines are the fit results to the equations, in Table 6 . at different temperatures as ln(σ ) vs. ln(ω). At low temperatures, below 320 K, and for frequencies f < 600 Hz, the data were scattered, hence omitted from the plot. The best fit for the data, collected while heating up, by subtracting σ dc , is obtained using a power law according to (3) . The values obtained at low temperatures and high frequencies were found to be in the range 1 < s1 < 2 in agreement with a well-localized hopping and/or reorientational motion [6, 14, 26] . Due to the values of s in the range 1.0 -0.5, and their temperature dependence in the range 346 K < T < 380 K, phase II can most probably be ascribed to proton hopping. For temperatures T > 380 K, s is very small (0.4 -0.2), which is usually found in band type conduction [27] .
It is to be noted that anomalous changes in the universal exponent s are found around 288 K, 346 K, and 383 K, which reflects quite clearly the phase transformations. Thus the universal exponent is not only directly related to the conduction mechanism, but it is also very sensitive to structural transformation.
Previous [14, 15] . The minor differences in the transition temperatures means that the role played by the transition metal ion is small, and that increasing the length of the chain by a small value-addition of two carbon atoms does not affect the transition temperature. On the other hand, for CuC9 the corresponding transitions occur at a much lower temperatures. The major peak of the chain rotational transition occurs at T 346 K, which is by ∼ 15 K lower than the corresponding transition of the corresponding CuC12 (T = 358 K). This is also true for the order disorder transition at 383 K, which is by about 30 K lower than that found for CuC12 (T = 412) [15] . This is most likely due to the difference in symmetry found for samples with an even and odd number of carbon atoms. We have also found that the obtained activation energies for hopping in case of CuC9 are different from those for the other two materials with even number of carbon atoms previously studied, except for phase I, band type conduction, where the activation energy is the same, see Table 6 . Also the universal exponent s and its temperature dependence for materials with even and odd number of carbon atoms in phase I is nearly the same. This indicates that the mechanism of conduction with nearly the same band gap energy is the same, irrespective of the number of carbon atoms. It is likely that the materials will have the same crystalline structure in this high temperature range. For T < 346 K, the average value of ∆E is higher for the C9Cu than for the CuC12. In this temperature range it is expected that the even numbered carbon atom materials (CdC10 and CuC12) have monoclinic unit cells, while the odd numbered carbon atom CuC9 has an orthorhombic unit cell. This would account for the difference in activation energy. It is also to be pointed out that for the CuC9 an activation energy in the range 0.41 -0.11 eV is found, which most likely can be associated with proton type conduction. Such activation energies were not observed for CuC12 and CdC10.
Conclusion
Thermal, magnetic and electric measurements on CuC9 showed one minor and four major phase transitions. The two transitions below room temperature are ascribed to structural phase changes. Near ambient temperature, the chain melting transition is found accompany a sudden drop in permittivity. A large increase in the permittivity is observed near the transition at 346 K. This is due to fluctuation of dipole moments as a result of conformational motion of the alkylene chains The highest temperature transition, at 383 K, is ascribed to order-disorder transition, where an anomalous change in the permittivity due to rearrangement of dipole moments is found. The magnetic susceptibility at low temperatures shows changes in the magnetic moment around the transitions at T 3 and T 4 . The magnetic moment in that temperature range indicates distorted CuCl 4 octahedra. A band type conduction is found for phase I, while proton type conduction is likely to predominate in phase II. In phase III the conductivity has been found to take place via ionic hopping as well as localized or reorientational hopping.
